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Spectroscopy--How does it work?
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Spectroscopy II:
How we measure distance 
from the speed of a star
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The Era of Observational Cosmology
Two (competing!) observations of 
supernovae showed that the cosmos 
is dominated by a mysterious “Dark 
Energy” that drives the accelerated 
expansion of the universe, and 
subsequent observations utilizing 
different probes (e.g. CMB) have 
confirmed this result.
The properties of Dark Energy can be 
expressed in terms of its Equation of 
State at different redshifts:
w(z) = p/ρ            
We parameterize w(z) as follows: 
w(z) =w0+wa(1–a), where a=(1+z)-1

w0 = wΛ (i.e. the cosmological 
constant) if wa = 0.
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Science Magazine, 
December 18, 1998

Nobel Prize in Physics, 2011

The Discovery of Dark Energy is Big News...
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So, what is it...?

 Cosmological 
Constant?

 10120 problem

 Dynamical Dark 
Energy?

 Modification of 
Gravity?

 Voids?
 Disfavored by 

HST Observations

 We don’t know, 
yet...
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The Dark Energy Survey
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The Dark Energy Survey
Starting in November 2012, DES will 
observe 1/4 of the southern sky over 6 
years with (SDSS-like) grizY filters.  The 
DES “footprint” overlaps with VISTA 
Hemisphere Survey (DES Y-band data will 
be exchanged for VHS JHK data), as well 
as SDSS, SPT, and Skymapper.

DES uses four complementary methods 
to constrain the Dark Energy Equation of 
State:

• Supernovae
• Galaxy Clusters
• Weak Lensing
• Large Scale Structure
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The DES Instrument: DECam 

Kyler Kuehn, AAS Annual Meeting, Long Beach CA, January 2009 
4 

DECam CCDs and Focal Plane 

Focal plane includes 62 2k x 4k 

extremely red-sensitive (QE>50% at 

1000 nm) CCDs and additional 2k x 

2k guide and focus/alignment CCDs. 

As of January 2, 2009: 

65 science-grade CCDs  
(plus other components)  

have been delivered to FNAL— see 
example “flat” image of CCD, above right. 

Production has begun with commissioning 

of the tooling of engineering-grade CCDs.  
Five CCDs have been completed; the full 

focal plane will take ~1 year to complete. 

The newly-constructed Dark Energy Camera has been installed at the prime focus of 
the 4m. Blanco Telescope at Cerro Tololo Inter-American Observatory in Chile.  
DECam consist of 62 2k x 4k extremely red-sensitive  CCDs, plus associated guide/
focus CCDs, with a field of view suitable for a large-area survey.
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DECam Simulator at Fermilab

Extensive component and integration testing prior to installation 
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Sep 2012
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Calibrating the DES: PreCam Grid & DES Footprint

21

Rib & Keel Strategy:
Every ~20 min during
the DES, a field
containing hundreds 
of calibrated stars will 
be observed.
These will be tied to
SDSS, USNO, and
Southern u’g’r’i’z’
Standard Stars.
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PreCam is a scaled down (2 CCD) 
version of the DECam that was used 
(in part) for development and testing 
of DECam hardware and software.

PreCam’s primary goal was to 
observe a sparse grid of southern 
hemisphere standard stars ahead of 
the DES (especially in Y).

It was designed and constructed in 
less than one year.  First orders for 
parts were placed in January 2010 
and it achieved first light that August.

Precursor observations will allow DES 
to begin with photometric standards 
and save up to 10% of the DES 
observing time that would otherwise 
be devoted to calibration efforts.

PreCam Goals and Timeline

Credit: E. Neilsen
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PreCam Vessel

Focal Plane Support Plate

Thermal Transfer (Cu) Block

G-10 Mounting Block

CryoTiger

Vacuum Interface Board

Dewar
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Focal Plane Support Plate & CCD Installation
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The Dark Energy Survey
Bench Tests I: Laboratory Setup
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Bench Tests II: Linearity, Full Well
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Installation on the Curtis-Schmidt Telescope at CTIO

Credit: UofM Astronomy

Monsoon
Electronics
Crate
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Commissioning I: Best Focus Surface, Early Images

PreCam Image

Prior Sky Survey Image

Note curved focus surface
due to lack of field flattener

Credit: S. Allam
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Commissioning II: Shutter Timing from On-Sky Data
nonzero shutter actuation time effects are negligible beyond ~8s, 
confirming results of bench tests
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0 s

8 s

80 s (saturated)
Credit: S. Allam

20 s (≣1)
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Commissioning III: Filter Performance
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Transmission vs. Wavelength:
DES Filters vs. Sloan Filters

DES/PreCam Color Response

Credit: D. Tucker
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PreCam Observations by Filter
Steps to the PreCam Southern Hemisphere Standard Star Catalog
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g-band i-band r-band 

z-band Y-band Credit: D. Tucker, S. Allam
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How is the weather?

Sunday, January 6, 2013



Sunday, January 6, 2013



Recording the Environment at Cerro Tololo
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Bias

Data Processing at FNAL & ANL
 Fermilab developed processing pipeline consisting primarily of 

shell/py scripts for bias subtraction, flat-field corrections, etc.
 Each iteration added functionality--crucial improvements 

include banding/streaking removal, astrometry
 Further processing/analysis scripts developed in parallel at ANL
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Flat
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Cosmic Rays in the PreCam CCDs
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Data Processing II: Streaking/Banding & Software Corrections

Before After
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Data Processing III: Identifying Problematic Shutter Images
corrected with local background subtraction

Hardware Fix: Slow-Release Valve increases shutter blade lifetime by ~3x
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Preliminary Results II: “Golden Night” Stellar Photometry

Sunday, January 6, 2013



The Dark Energy SurveyFinal Data Analysis Steps: Star Flats + Data Quality Cuts
added “flat field” to remove final CCD response gradient prior to analysis

 USNO, Southern u’g’r’i’z’, and 
SDSS standards

 SDSS airmass correction and Star 
Flat correction applied

 Selection Criteria:
 magerr, FWHM, Stellarity
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Data Quality Checks/DES Proof-of-Concept
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PreCam gri observations from 11/29/2010 to 01/01/11 of SN2010lr, a 
spectroscopically confirmed SNIa associated with host galaxy 2MASX 

J00023401-3044061 at z ~ 0.062 (Drake et al., Prieto et al.)

DES g
DES r
DES i

-10              0            10            20            30
Days Since Presumed Start

M
ag

ni
tu

de

Detection 
(S/Npix<2) 
on Dec 5--
below 
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CCD edge = 
poor focus?
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Preliminary Results I: Single-Epoch Photometry

PreCam z - USNO z Bright

Preliminary Single-Image Photometric Accuracy:
4.0% (SDSS r,i); 3.2% (SDSS z); or 2.2% (USNO z, mag<14)

PreCam r - SDSS r
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DECam on the Blanco Telescope!
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Observing with DECam
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First Light Images!

0”.8 images with nearly uniform PSF across the 
focal plane, all without optimization of 

collimation, guider, hexapod, telescope control.

Images of the Fornax Cluster, NGC 1365, Small 
Magellanic Cluster, and 47 Tucanae...

see http://www.wired.com/wiredscience/2012/09/dark-energy-survey/
http://www.nature.com/news/cameras-to-focus-on-dark-energy-1.11391
and http://www.symmetrymagazine.org/ for press release information
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Non-SN Transient Science with the DES

Gamma Ray Bursts (GRBs) are bright transient sources at cosmological distances.
In the time you can hold your breath, they output more energy than the sun does in 
its entire lifetime: >1051 ergs (isotropic) in 10-1 to 103 s.  They are correlated with the 
collapse of massive stars (long GRBs) or neutron star mergers (short GRBs).  The end 
result is expected to be a black hole; observations show prompt broadband emission 
(“fireball”) followed by long-timescale “afterglow”.  

Lightcurves courtesy of Fox & Mészáros 2006, Racusin et al. 2008.
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Host Galaxy for, e.g., 
GRB050709 observed with 
HST and many other 
instruments, both 
photometric and 
spectroscopic, to 
determine characteristics:
z = 0.16
Eiso ~1050 erg

Relevant observations and/
or flux limits for many 
hundreds of GRBs in:
Gamma Rays
X Rays
UV/Optical/IR
Radio
Gravitational Radiation 
and

Multi-Wavelength/Multi-Messenger GRB Follow-Up
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Host Galaxy for, e.g., 
GRB050709 observed with 
HST and many other 
instruments, both 
photometric and 
spectroscopic, to 
determine characteristics:
z = 0.16
Eiso ~1050 erg

Relevant observations and/
or flux limits for many 
hundreds of GRBs in:
Gamma Rays
X Rays
UV/Optical/IR
Radio
Gravitational Radiation 
and Neutrinos

Multi-Wavelength/Multi-Messenger GRB Follow-Up

Sunday, January 6, 2013



1. Providing DES data to the Community in Real Time
* Parse GCN Notices (RA, Dec, position uncertainty, time) for all bursts in footprint
* Identify potential GRB hosts from pre-discovery images
* Calculate relevant host characteristics (e.g photo-z) “on the fly”
* Distribute data products and links to “finder images” via GCN Notices
* Entire process must be automated for fastest response
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* Most dedicated GRB telescopes are meter-class (or smaller); KPNO, Keck, etc. are 
used very rarely for follow-up of individual bursts.
* Multi-filter observations with DECam can be obtained “for free” during Survey.
* With 300 bursts/year, footprint covering 1/8 of sky, and (a few) afterglows 
brighter than 23rd magnitude for up to 1 month: 1-4 observable at any time.
* For poorly-localized bursts, DECam has the field of view to find them!

2. Afterglow follow-up within DES footprint

6 days

9 days
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One of the Most Interesting GRB-Related Discoveries in the Last Decade...No. 4, 2008 METALLICITIES AT THE SITES OF NEARBY SN Ic 1145

4.3. Uncertainties in Metallicity Measurements

We explicitly include the effect of the statistical errors in the
line measurements on the metallicity determinations. For each
metallicity diagnostic, we compute the minimum and maximum
oxygen abundance values for the given statistical uncertainties
in the line measurements and assign them as bounds for the most
positive and negative errors. These are listed in Tables 6 and 7,
directly following the reported abundance value as determined
from the measured line values. In the computation, we also
include the effect of the statistical error in the Hα/Hβ ratio that
influences the measured Balmer decrement and therefore the
derived reddening. Because of logarithmic dependence of the
metallicity diagnostics on line ratios, the computed abundance
uncertainties are sometimes not symmetric around the reported
values. Furthermore, we checked whether a change in the case
B recombination value from 2.85 to, e.g., 3.1 (typical of AGNs)
makes a difference in the derived metallicities from [N ii]/[O ii],
and the effect is minor (<0.03 dex).

In the optical, the choice of extinction curve makes negligible
difference to the extinction correction of optical line ratios (see
e.g., the review by Calzetti 2001). We have tested this ourselves
by applying three different extinction curves to [N ii]/[O ii]:
the Whitford Reddening curve, as parameterized by Miller &
Mathews (1972), the parameterization by Cardelli et al. (1989),
and that by Osterbrock (1989). We find that metallicities derived
from [N ii]/[O ii] using different optical extinction curves are
identical. The same conclusion was obtained by Moustakas &
Kennicutt (2006a, 2006b), who explored the effect of different
extinction curve on oxygen abundance determinations of a
sample of 417 nearby galaxies with a diverse range of galaxy
types and histories.

For the SN–GRB sample, the line flux errors are not available
for the majority of GRB host spectra in the literature and we
therefore assign a uniform conservative error of 0.1 dex.

5. DISCUSSION

We find that the host galaxies of broad-lined SN Ic have
the following properties: they are mid- to late-type spirals
(consistent with the host-galaxy morphological classifications
found for the host galaxies of SN Ib and SN Ic in van den Bergh
et al. 2005 and references therein), their B-band luminosities
range between −17 < MB < −22 mag, and their central
oxygen abundances span 8.63 < 12 + log(O/H)KD02 < 9.15.
Along with their SFRs and electron densities, they appear to
conform to the general population of normal local star-forming
galaxies (for comparison with SDSS star-forming galaxies, see
Section 5.1 and Figure 5).

5.1. Comparison with the SN–GRB Sample

It is the main goal of this study to compare the physical
characteristics of host galaxies of SN Ic (broad) that had no
observed GRBs to those of SN–GRB hosts.

First, we find that the SFR values are similar between the
two samples, with SFR(Hα) ∼ 0.1–3 M# yr−1. One exception
appears to be MCG-05-10-15, the host of SN 2003bg, which has
a value of 10−5 M# yr−1, not corrected for extinction. However,
most of our local SFR values of SN Ic (broad) are lower limits to
the global values, and thus they are probably larger than those of
the GRB–SN host sample. Furthermore, considering the much
smaller masses for the GRB hosts as indicated by their lower
luminosities, the specific SFRs (SFRs normalized to galaxy
mass) of GRB hosts are larger than those of SN Ic hosts, and of
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Figure 5. Host-galaxy luminosity (MB ) and host-galaxy metallicity (in terms
of oxygen abundance) at the sites of nearby broad-lined SN Ic (“SN Ic (broad)”:
blue filled circles) and broad-lined SN Ic connected with GRBs (“SN (broad &
GRB)”: red filled squares; see also Stanek et al. 2006; Kewley et al. 2007). Extra
circles and squares designate SN which were found in a non-targeted fashion.
The oxygen abundances are in the Kewley & Dopita (2002) (KD02) scale and
represent the abundance at the SN position. Due to radial metallicity gradients,
the gas abundance at the SN position is lower than the central galaxy abundance
for some SN (compare Tables 6 and 7). Labels represent the SN names while one
(“020903”) refers to its associated GRB. Yellow points are values for local star-
forming galaxies in SDSS (Tremonti et al. 2004), re-calculated in the Kewley
& Dopita (2002) scale for consistency, and illustrate the empirical luminosity–
metallicity (L–Z) relationship for galaxies. Host environments of GRBs are
more metal poor than host environments of broad-lined SN Ic where no GRB
was observed, for a similar range of host-galaxy luminosities. The dotted line
at 12 + log(O/H)KD02 ∼ 8.5 designates the apparent dividing line between SN
with and without observed GRBs.
(A color version of this figure is available in the online journal)

SDSS galaxies in general (Christensen et al. 2004; Gorosabel
et al. 2005; Sollerman et al. 2005; Savaglio et al. 2006; Thoene
et al. 2007). A comparison between the electron densities does
not yield any statistical significant results, as only one SN–GRB
host has a measured electron density. All measured electron
densities lie within the range of observed values for galaxies
and H ii regions.

Next, Figure 5 shows the main result of our comparison: we
plot host-galaxy metallicity (as expressed in terms of oxygen
abundance 12 + log(O/H) with the KD02 calibration) and
host-galaxy luminosity (MB) of broad-lined SN Ic without
observed GRBs (called “SN Ic (broad),” circles) and with GRBs
(called “SN Ic (broad & GRB),” squares). Objects whose host
galaxies had not been targeted during the discovery have an
extra circle (for SN without GRBs) or an extra square (for SN
with GRBs) around their plotted symbol. We note that three
of the five broad-lined SN Ic found in the lower luminosity
galaxies (MB > −19 mag) were discovered by the SDSS-II SN
Survey, which is a galaxy-impartial survey. For the broad-lined
SN Ic we only plot abundances measured at or extrapolated to the
SN position. These plotted values are sometimes lower than the
values we measure for the center of the same host galaxies (see
Table 6) presumably due to metallicity gradients as discussed
in Section 4.2. The SN–GRB host abundances also reflect the

Images Courtesy of Della Valle et al. (2006), Modjaz et al. (2008)

The GRB-SN Connection
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Wei & Zhang (2006)

GRB Cosmology: Extrapolating Calibrated GRBs to High z

* GRBs have been calibrated against 
SNe Ia up to z~1.4
* Assuming standard(izable) candle 
characteristics, GRBs can constrain 
cosmology in a similar fashion to SNe 
Ia.
* Large error bars currently--every 
high z GRB can be of benefit! 
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Ghirlanda et al. (2004), Lazzati et al. (2006)

GRB Cosmology: Constraints on Parameters
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Technologies for Atmospheric OH Suppression

Kyler Kuehn, Ph.D.
High Energy Physics

Cosmic Frontier Group
Argonne National Laboratory

Wisconsin Lutheran College
“The Heavens and the Earth”

January 7, 2013

Further resources linked from
http://www.hep.anl.gov/des/oh/
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Outline
 Science Motivation

– Supernova observations and Cosmology with IR Spectroscopy
– IR Spectroscopy hampered by OH lines
– Existing Systems for measurement (FIRE on Magellan)

• Modeling of measured lines above ~1.5um: Can we improve wing suppression?
• Line wings or zodiacal light or... still contributing to continuum below ~1.5um

 Suppression Technologies
– Fiber Bragg Grating

• GNOSIS using IRIS2 at AAT (suppression up to ~1.7 um)
• Purchased for use at ANL

– Ring Resonators
– Volume Phase Holography

 Test stand setup
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IR Spectroscopy Hampered by Atmospheric OH
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FIRE spectrograph on Magellan Telescope:
Observation + modeling of OH lines
(including spectrograph performance based on ThAr lamp)
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FIRE:
Observations (dis)agree
with models depending 
on wavelength.

Unclear what is causing
continuum emission 
above Read Noise and 
Zodiacal Light... the 
spectrograph itself?
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Suppression Technology: Fiber Bragg Grating
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Existing Systems: GNOSIS
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Existing Systems: GNOSIS
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GNOSIS Suppression Results

Addresses continuum; obviously useful for low R spectroscopy.  
But...
Current system is noise dominated:
Are there non-modeled lines?
Is light scattered into non-suppressed wavelengths?

(Not suppressed by design)
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GNOSIS

Sunday, January 6, 2013



Suppression Technology: Ring Resonator

J. Bland-Hawthorn and P. Kern
Physics Today 65 (5), 31 (2012)
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Multi-Wavelength Selectivity with Ring Resonators
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Another Multi-Wavelength Ring Resonator Design
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Ring Resonator Performance: Power
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Suppression Technology: Volume Phase Holography
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Other Technologies
Photodiodes?                  Femtosecond laser-etched bulk Si
SWIFTS                           Volume Bragg Gratings
Array Waveguides (cf. PT 65 (5), 31 (2012))
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The Dark Energy Survey
Laboratory Setup for Bench Tests
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Conclusions
 Dark Energy is (probably) causing the accelerated expansion of the 

universe.  The Dark Energy Camera has been successfully built and 
tested, and is ready to engage in the Dark Energy Survey.

 The Precursor to the Dark Energy Camera (PreCam) has been 
successfully built and deployed at Cerro Tololo Interamerican 
Observatory for the purpose of calibrating the DECam.

 Preliminary results show single-epoch photometric accuracy of 
3-4%, with accuracy better than 2% expected for final PreCam 
Southern Hemisphere Standard Star Catalog.  

 In addition to the Key Science goals with the four probes 
(operating independently and collectively), the DES will accomplish 
an enormous amount of auxiliary science (e.g. non-SN transients).

 The Dark Energy Survey has recently achieved first light, and will 
begin science operations later this fall, with the goal of providing 
unprecedented constraints on the time-(in)dependent component 
of the dark energy equation of state over the next five years.

84
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The Dark Energy Survey Collaboration

Fermilab — The Fermi National Accelerator Laboratory
UIUC/NCSA — The University of Illinois at Urbana-
Champaign
Chicago — The University of Chicago
LBNL — The Lawrence Berkeley National Laboratory
NOAO — The National Optical Astronomy 
Observatory
United Kingdom DES Collaboration

• UCL - University College London
• Cambridge - University of Cambridge
• Edinburgh - University of Edinburgh
• Portsmouth - University of Portsmouth
• Sussex - University of Sussex
• Nottingham - University of Nottingham

Spain DES Collaboration
• IEEC/CSIC - Instituto de Ciencias del Espacio,
• IFAE - Institut de Fisica d'Altes Energies
• CIEMAT - Centro de Investigaciones Energeticas, 

Medioambientales y Tecnologicas

Michigan — The University of Michigan
DES-Brazil Consortium

• ON - Observatorio Nacional
• CBPF - Centro Brasileiro de Pesquisas Fisicas

UFRGS - Universidade Federal do Rio Grande do Sul
Pennsylvania — The University of Pennsylvania 
ANL — Argonne National Laboratory
OSU — The Ohio State University

TAMU — Texas A&M University

Santa Cruz-SLAC-Stanford DES Consortium

• Santa Cruz - University of California Santa Cruz
• SLAC - SLAC National Accelerator Laboratory
• Stanford - Stanford University

Munich—Universitäts-Sternwarte München
•  Ludwig-Maximilians Universität
•  Excellence Cluster Universe

More than 200 scientists and engineers from...
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Thank You!
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